Purpose: The vascular disrupting agent (VDA) combretastatin A4 phosphate (CA4P) induces significant tumor necrosis as a single agent. Preclinical models have shown that the addition of an anti-VEGF antibody to a VDA attenuates the revascularization of the surviving tumor rim and thus significantly increases antitumor activity.
Introduction
Tumor vascular disrupting agents (VDA) target the existing vasculature of tumors causing rapid vascular shutdown leading to cell death and central necrosis (1) . Combretastatin A4 phosphate (CA4P; fosbretabulin), a tubulin-binding VDA, displays potent and selective toxicity toward tumor vasculature (2, 3) . CA4P is currently under investigation in phase II trials for ovarian, lung, and anaplastic thyroid cancer (4) (5) (6) .
In preclinical models following CA4P administration, revascularization and continued proliferation of a viable tumor rim, due at least in part to systemic mobilization and homing of bone marrow-derived circulating endothelial progenitor cells (CEPC) was observed (7, 8) . In a mouse model of melanoma, disruption of the VDA-induced CEPC spike by an antiangiogenic antibody resulted in marked reductions in tumor rim size and blood flow as well as enhanced VDA antitumor activity (8) . Combination treatment of CA4P with an anti-VEGF antibody resulted in a significantly greater tumor response and growth delay than that achieved with single-agent treatments of CA4P in a clear cell renal carcinoma tumor model in nude mice (9) .
Bevacizumab, a humanized anti-VEGF-A monoclonal antibody, prevents VEGF from interacting with receptors on vascular endothelial cells and thereby inhibits its proangiogenic effects (10, 11) . Bevacizumab is in clinical use in combination with cytotoxic chemotherapy for metastatic colorectal cancer, non-small cell lung cancer, in combination with IFN-a for renal cell cancer, and as single agent for recurrent glioblastoma multiforme (12) . The aim of this study was to determine pharmacokinetics, safety, and tolerability of CA4P given in combination with bevacizumab, to evaluate the antivascular activity of CA4P alone and in combination with bevacizumab using dynamic contrast enhanced-MRI (DCE-MRI), and to assess the effect on the plasma levels of VEGF and granulocyte colonystimulating factor (G-CSF), cytokines implicated in the acute mobilization of endothelial progenitor cells by VDAs (13) , and on blood levels of CEPC.
Patients and Methods

Patient population
Patients with histopathologically or cytologically confirmed malignant solid tumors that had failed standard therapy or for which no life-prolonging treatment existed were eligible for this study.
Study-specific criteria for exclusion were prior therapy with CA4P or bevacizumab, or other agents which target VEGF or VEGFR signaling such as sorafenib and sunitinib, the presence of central nervous system metastases, a diagnosis of non-small cell lung cancer, history of gastrointestinal perforations, hemoptysis within the last 3 months, proteinuria >1 g/24 h, !grade II neuropathy, surgery within 28 days of screening visit, prior radical radiotherapy or evidence of vascular damage from radiotherapy, history of cardiac and peripheral vascular disease, and uncontrolled hypertension.
Patients were recruited from 2 centers in the United Kingdom (clinical trials registration NCT00395434). The study was conducted according to the Declaration of Helsinki. The study was approved by participating hospitals' ethical review boards, and all enrolled patients provided written informed consent.
Study design
This was a 2-center, open-label, single-arm study of CA4P at escalating doses of 45, 54, and 63 mg/m 2 (the recommended phase II dose of CA4P) given over 10 minutes i.v. as a single-agent therapy on day 1 and then once every 14 days in combination with a 90-minute i.v. infusion of bevacizumab at a constant dose of 10 mg/kg beginning on day 8 (cycle 1), up to maximum 8 cycles. A modified Fibonacci design was used. Three subjects were evaluated at each dose level. If a dose-limiting toxicity (DLT) was observed in one subject, the cohort was expanded to 6 subjects. If !2 subjects experienced a DLT, the cohort at the preceding level was expanded to 6 subjects. If the maximum tolerated dose (MTD) was not found to be at one of the 3 dose levels under study, no further dose escalation was to be conducted.
Assessments of safety and tolerability
Adverse events were assessed using the National Cancer Institute's Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 (14) .
DLT was defined as any of the following occurring through cycle 2 and the 14-day observation period, considered to be related to combination therapy: QTc prolongation !500 ms, >grade II ventricular arrhythmia, grade III or IV toxicity (except fatigue/asthenia, nausea and/or vomiting, tumor pain or diarrhea), grade ! II neuropathy which does not recover to grade I within 14 days after scheduled retreatment, any grade toxicity requiring patient removal from the study in the judgment of investigators.
Treatment assessment
Tumor assessments by computed tomographic scans were based on Response Evaluation Criteria in Solid Tumors (RECIST; ref. 15 ) and conducted at baseline, before cycle 4, before cycle 8, and at the final follow-up visit.
Pharmacokinetics
The plasma pharmacokinetics of CA4P and its primary metabolic products combretastatin A4 (CA4) and its glucuronide (CA4G) were evaluated during the single-agent CA4P treatment on day 1 pre-CA4P infusion, 10 minutes, 30 minutes, 1, 2, 4, 6, and 24 hours post-CA4P infusion; and also during cycles 1, 4, and 8 (combination therapy) at the following time points: pre-CA4P infusion, 10 minutes, 30 minutes, 1, 2, 4 hours, using validated computer software (WinNonlin, version 3.2; Pharsight Corporation). The area under the CA4P, CA4, and CA4G plasma concentration versus time curves (AUC) was calculated using the linear trapezoidal method (linear interpolation). The terminal elimination phase of the pharmacokinetic profile was either
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automatically determined by the software based on the line of best fit (R 2 ) or visually identified using at least the final 3 observed concentration values for 8 selected subjects and occasions. The slope of the terminal elimination phase was calculated using log-linear regression using the unweighted concentration data.
Pharmacodynamics
DCE-MRI evaluation of tumor vascular parameters. All subjects underwent DCE-MRI evaluation of tumor vasculature. MRI scans were carried out at baseline (2 scans within 1 week of starting CA4P as a single-agent treatment), 3 hours and 6 days post-CA4P single-agent treatment, 3 hours post-CA4P infusion (1 hour before bevacizumab infusion) during first CA4P/bevacizumab combination treatment and 6 days after first CA4P/bevacizumab combination treatment.
MRI was conducted either on a 1.5T MR Siemens Avanto system or a 1.5T Symphony system (Siemens Medical Systems), using comparable imaging protocols. Morphologic images using breath-hold gradient echo T1-weighted and turbo-spin echo T2-weighted sequences were acquired initially. Diffusion weighted (DW)-MRI scans were followed by intrinsic susceptibility weighted T2 scans and T1-weighted relaxivity-based DCE-MRI scans were done in sequence. Full results of the DW-MRI measurements have been published (16) A bolus of 0.1 mmol/kg body weight of gadopentetate dimeglumine (Gd-DTPA, Magnevist; Bayer) contrast agent was administered at 4 ml/s during the fifth image acquisition (i.e., beginning after 48 seconds) using a power injector, followed by a 20 mL bolus of normal saline at the same rate.
Image and data analysis
Voxel-based calculations were conducted using Magnetic Resonance Imaging Workbench (MRIW) v. 4.2.1, a customized analysis software package developed at the Institute of Cancer Research, London, United Kingdom (17) .
A target lesion was identified in each patient, avoiding areas that were prone to artifact (e.g., subcardiac region in the left lobe of the liver or adjacent to the air-filled stomach or colon). For each axial image section, a region of interest (ROI) was drawn free-hand just within the inner border of the target lesion on the baseline T1-weighted image. The process was repeated for all axial image sections that contained the target lesion, although the most cranial and caudal axial sections were excluded to avoid partial volume effects and artefacts from wraparound and excitation profile effects.
Signal intensity enhancement on the T1-weighted DCE-MRI images were assessed quantitatively using the Tofts pharmacokinetic model. Quantitative kinetic parameters were derived from mathematically fitted concentrationtime curves (18) . A pooled arterial input function (modified Fritz-Hansen) was used for these analyses (19, 20 ). Multiecho gradient-echo imaging was carried out and the T 2 Ã relaxivity (signal intensity decay constant) calculated voxel-by-voxel for regions of interest on each slice. (For each voxel, log n (SI) is plotted against echo time TE, then a linear regression is carried out on the data: the gradient of the regression line is ÀR 2 Ã , the T 2 Ã relaxivity [unit: s À1 ].) Data for every scan and for each ROI at a given time point were output as text files, concatenated using MS excel, and statistical variables (mean, median) calculated (21) .
Reproducibility analysis
We applied Bland-Altman analysis to evaluate measurement reproducibility of the median of the different MRI parameters calculated on a voxel-by-voxel basis (22) according to the methods of Galbraith and colleagues (23) . The differences in the paired baseline MRI parameters for the target lesions were normally distributed (D'AngustinoPearson test, P > 0.05). For Bland-Altman analysis, the differences in the 2 baseline T1-weighted MRI measurements were compared with the averaged baseline MRI parameter values, which were used to derive the withinpatient coefficient of variance (wCV), the coefficient of repeatability (r), and the group confidence interval (CI; ref. 16 ). For comparison of cycle 1, 3 hours, and cycle 1 day 6 MRI data (i.e., after the second infusion of CA4P), the MRI data of the single day 6 measurement (i.e., after the first infusion of CA4P) served as a the new baseline data, using the wCV calculated on the basis of the 2 initial baseline measurements (i.e., before the first infusion of CA4P).
In addition, tumors were analyzed voxel wise to display changes in MRI parameters with drug treatment by color maps. Individual voxels on the center slice of each tumor were color coded on the basis of the values of the different MRI parameters evaluated.
Cytokine and CEPCs quantification
Exploratory analyses were conducted to assess effects of CA4P alone and in combination with bevacizumab on plasma concentrations of the cytokines VEGF and G-CSF, and blood levels of circulating endothelial cells (CEC), CEPCs, and CD34 þ or CD133 þ bone marrow-derived progenitor cells. Analyses were conducted before first CA4P administration (day 1); at 4 hours, 24 hours, and 6 days post-CA4P administration; before first CA4P/bevacizumab administration (cycle 1); at 4 hours post-CA4P dose before bevacizumab administration, 24 hours 6 days, or 14 days, respectively, post-CA4P/bevacizumab administration. VEGF and G-CSF levels in blood plasma (EDTA) were measured by sandwich ELISA (VEGF catalog no. DVE00, G-CSF catalog no. HSCS0B, R&D systems Inc.) and concentrations expressed as pg/mL. CEC, CEPC, and CD34 þ or CD133 þ progenitor cell populations were quantified by flow cytometry with a BD LSRII machine (Becton Dickinson). CEC were defined as CD45
and CD146 þ . CEPC were defined as CD45
, and VEGF-R2 þ . A larger population of mainly hemopoietic progenitor cells were measured with just the CD45 À /dim and CD34 þ or CD133 þ markers. The more defined CEC and CEPC populations would be expected to form only a small proportion of these latter 2 populations. The target cell populations were quantified by numbers gated in relation to the total mononuclear cell gate and this was then cross referenced to the mononuclear cell concentration in the original blood sample as determined by a hematology analyzer (Sysmex SE2100; Sysmex UK Ltd.).
Statistical analysis
One-way ANOVA with and without the Dunnett adjustment, paired t test, and simple regression were applied to determine statistical significance of blood pressure (BP) changes. The Wilcoxon signed rank test was used to calculate the statistical significance of changes in cytokine plasma and CD34 þ and C133 þ blood cell concentrations.
Results
Patient characteristics and dose escalation
A total of 15 patients with a median age of 51 years were enrolled. Patient characteristics are listed in Table 1 . Three patients were treated in the CA4P 45 mg/m 2 cohort, 4 in the 45 mg/m 2 , and 8 in the 63 mg/m 2 cohort.
Dose-limiting toxicity
Two CTCAE grade III to IV DLTs were seen. One patient developed transient self-limiting asymptomatic atrial fibrillation after being treated at 54 mg/m 2 CA4P on day 1 and was withdrawn from study. A 28-year-old female patient with metastatic hemangiosarcoma and a previous history of hemorrhage treated in the 63 mg/m 2 cohort experienced grade IV liver hemorrhage the day after her cycle 1 combination treatment 2 weeks after treatment, which resolved after 20 days. The patient was withdrawn from the study.
CA4P dose modifications were conducted in a total of 9 patients (2 at 45 mg/m 2 , 3 at 54 mg/m 2 , and 6 at 63 mg/m 2 ) due to toxicity.
Toxicity
Highest grade drug-related toxicities per patient over all cycles are summarized in Table 2 .
Overall, hypertension was the most common toxicity. Seventy-three percent (11 patients) experienced grade I or II hypertension. No grade III or IV hypertension was seen. Two patients were already on antihypertensive medication at study inclusion. One patient only was treated with amlodipine for grade I hypertension after CA4P infusion on day 1, when BP rose to 163/113 mm Hg. BP time courses over the cycles and over the first 6 hours of CA4P infusion are shown in Fig. 1 . BP profile on day 1 confirmed previously published data showing a maximum increase in BP 1 hour after CA4P administration (24) . This acute increase was no greater after the third and subsequent cycles of CA4P when patients had previously been treated with bevacizumab. Both systolic and diastolic BP increased in subsequent cycles once bevacizumab treatment started. From cycle 5 on, differences were no longer statistically significant. The greatest statistically significant increase in mean BP compared with the lowest BP measured before cycle 1 was þ13 mm Hg (þ10%) systolic and þ9 mm Hg (þ12%) diastolic, respectively. Only the mean of all individual systolic BP during cycle 2 was significantly increased compared with the mean BP over 6 hours measured during cycle 1 (þ7 mm Hg or þ5%). The mean of highest individual BP during the 6 hours after CA4P administration was significantly increased during cycle 2 and 3 systolic (þ16 mm Hg or þ11%), and during cycle 3 diastolic (þ9 mm Hg or þ10%). Note that if ANOVA with the Dunnett adjustment for repeated measures is used, the differences in mean and highest BP respectively over the cycles are no longer significant. Because the most pronounced increase in maximum BP was seen at cycle 3, the hourly BP measurements of day 1 were compared with those of cycle 3. Although the range of systolic BP at 1 hour was greater at cycle 3 (104-202 vs. 115-176 mm Hg), there were no statistically significant differences between the 2 profiles.
There were no statistically significant correlations between dose and BP changes at any time point during the study.
Asymptomatic transient self-limiting grade I or II electrocardiographic changes (T-wave inversion, ST-elevation, ST-depression, and sinus tachycardia) were seen in 5 (33%) patients with no evidence of myocardial damage.
Two patients had preexisting tumor pain, which did not seem to be worsened by CA4P, as previously described (6, 24) . Headaches were experienced by 8 (53%) patients.
Rare but important nonhematologic toxicities included neurologic reactions. Two (13%) patients had grade II tinnitus, 3 (20%) patients had dizziness, and one patient (7%) ataxia grade I, probably related to CA4P. 
Pharmacokinetics
Complete plasma data were available for 15 patients for estimation of pharmacokinetic variables for CA4P on day 1, for 14 patients at cycle 1, for 9 patients at cycle 4, and for 5 patients at cycle 8.
The time of maximal plasma concentration was observed 10 minutes after the end of infusion for C4AP and CA4 and at 10 or 30 minutes for CA4G. Plasma concentrations of CA4P and its metabolites were below the detection limit of the assay (2 ng/mL) in all predose samples, on day 1 and on the following cycles, indicating that CA4P and its metabolites were cleared from the plasma between treatment cycles. CA4P became unquantifiable in all patients at 8 hours, whereas CA4 and CA4G could still be quantified at 24 hours. Increases in CA4 and CA4G concentrations were proportional to the increase in CA4P dose from 45 to 63 mg/m 2 . No changes in exposure of CA4P or any of the metabolites after combined administration of CA4P with bevacizumab were observed.
In general, exposure of the CA4 and CA4G metabolites remained comparable with that of day 1 after repeated/ bevacizumab-combined CA4P administration. After up to 8 cycles of bevacizumab-combined CA4P administration, maximal plasma concentration and AUC of CA4P were reduced to approximately 40% to 70% of those at day 1.
Response
RECIST. Response data are shown in Table 1 . No objective responses were seen. Nine (60%) patients' tumors showed stable disease (SD), 4 patients' (27%) tumors showed progressive disease (PD), and 2 patients' responses were not evaluable because of coming off-trial after day 1 and after 2 weeks, respectively, due to adverse events. The tumor of a 61-year-old patient with ovarian serous adenocarcinoma showed a response according to Gynecologic Cancer InterGroup (GCIG) CA125 criteria (25) , lasting for more than a year.
DCE-MRI
Group and individual changes in MRI parameters were calculated. The number of individuals showing statistically C8  C7  C6  C5  C4  C3  C2  C1  D1  C8  C7  C6  C5  C4  C3  C2  C1 BP over the first 6 h of CA4P infusion (mm Hg) Figure 1 . Blood pressure (BP) measurements. BP was measured before the first administration of CA4P on day 1 (D1) and on subsequent cycles (C1-9) before the administration of CA4P and bevacizumab (A). Mean and highest of hourly BP measurements over 6 hours after each administration of CA4P at D1 and over the cycles are shown in B. BP profile over the first 6 hours after CA4P infusion on day 1 are shown in C and on cycle 3 in D. Mean AE SD of the sum of individual measurements are shown. Ã , P < 0.05 (unadjusted) versus cycle 1; †, P < 0.05 versus predose. 
significant changes in MRI parameters at 3 hours and 6 days after the first dose of CA4P, and after the second dose of CA4P combined with bevacizumab are shown in Table 3 . For 3 patients, more than one lesion was evaluable (see Table 1 ) and a total of 22 lesions from 15 patients were included in the analysis. No differences in group data analysis were found, whether all lesions from these 3 patients were included in the analysis individually, or if restricted to one concatenated lesion per patient. The most consistent drug-induced changes were seen in K trans . K trans decreased significantly in 41% of lesions following the first CA4P infusion and recovered at 6 days with 11% of lesions having a significant K trans reduction. Following the second CA4P infusion (but prebevacizumab infusion) 37% of lesions had a significant reduction in K trans . At 6 days, in the presence of bevacizumab, the reduction was maintained with a 58% reduction in K trans . The same trends were seen with IAUGC 60 , k ep and v e , with reduction and recovery in vascular parameters post-CA4P in a number of lesions and less recovery in the presence of bevacizumab.
In some of the patients with more than one lesion evaluated, there was a high degree of heterogeneity in the response between the lesions. For the intrinsic susceptibility-weighted imaging parameter R 2 Ã , increases between 25% and 30%, compatible with entrapment of deoxygenated erythrocytes in vasculature, were measured at both time points 3 hours and 6 days after both CA4P or CA4P/ bevacizumab combination treatment, respectively.
Group changes in MRI parameters are shown in Fig. 2 . A trend toward decreases was seen in both IAUGC 60 and K trans , whereas v e and k ep both significantly decreased 3 hours after CA4P infusion, suggesting antivascular effects. This effect was no longer seen 6 days after single-agent CA4P for all 4 parameters, but observed again after the second infusion of CA4P for v e , k ep , and-albeit not significantly-for IAUGC 60 and K trans . Combination therapy with CA4P and bevacizumab resulted in a significant and maintained decrease of all 4 DCE-MRI parameters at 6 days, suggestive of a sustained antivascular effect. Intrinsic susceptibilityweighted imaging showed significant increases in R 2 Ã at all time points after CA4P or CA4P/bevacizumab infusion, suggestive of increased intravascular entrapment of deoxygenated erythrocytes. This effect was more pronounced during the first treatment with CA4P alone. K trans maps of a pelvic mass in a 61-year-old patient with serous ovarian adenocarcinoma are shown in Fig. 2F .
Cytokine and CEPCs quantification
Plasma VEGF concentrations were significantly increased at 4 hours and returned to baseline at 24 hours after the first CA4P alone infusion. Following the second infusion with both CA4P/bevacizumab, circulating VEGF was undetectable due to the neutralizing effect of bevacizumab (Fig. 3A) .
Plasma G-CSF concentrations were significantly increased at 24 hours after both the first CA4P infusion and the second CA4P plus bevacizumab infusion. However, the increase in G-CSF plasma concentration was significantly higher at 24 hours after the CA4P plus bevacizumab infusion than after the CA4P alone infusion (Fig. 3B) .
The numbers of CEC and CEPC varied across the different time points but all counts were very low. No significant differences were seen for these cell populations. However there were significant changes in the higher concentrations of the more general CD34 þ and CD133 þ cell populations.
The significant increases in CD34 þ and CD133 þ cells at 4 hours, the significant decreases at 24 hours, and the return to baseline at 6 days were similar after both the first CA4P and the second CA4P plus bevacizumab infusion. However, CD133 þ cell numbers were significantly higher before cycle 1, compared with baseline ( Fig. 3C and D) .
Discussion
This phase I trial is the first mechanistic DCE-MRI study in humans of the combination of a VDA with an antiangiogenic drug.
An overlapping toxicity of CA4P and bevacizumab is hypertension, which was therefore carefully assessed in this combination study. BP changes were surprisingly mild, with statistically significant mean and peak increases in systolic and diastolic BP in the range of 10% during CA4P/ Figure 2 . DCE-MRI parameter changes in tumor lesions on day 1 (D1) at 3 hours (3 h) and on day 6 (D6) after the first infusion of CA4P, 3 hours after the second infusion of CA4P on cycle 1 (C1), and on day 6 of combined infusion of CA4P with bevacizumab, respectively. For some patients, more than one lesion was evaluable and included in the analysis. Nonsignificant decreases in IAUGC60 by À7% (A) and the transfer constant K trans by À7.3% (B), and significant decreases in leakage space, v e by 11.2% (C) and rate constant (k ep ) by 11.1% (D), 3 hours after the first CA4P infusion, indicating an antivascular effect. This effect is no longer seen 6 days later (þ0.7%, þ4.7%, þ5%, and þ7% for the 4 parameters). Similar observations after the second infusion of CA4P for v e (À9.5%) and k ep (À18.1%), albeit not for IAUGC 60 (þ5.2) and K trans (À1.1%). Adding bevacizumab results in a significant decrease of all 4 parameters (À18.9%, À38.4%, À16.5%, and À28%, respectively) at 6 days, suggestive of a sustained antivascular effect of combination therapy. Intrinsic susceptibilityweighted imaging showed significant increases in R 2 Ã at all time points after CA4P or CA4P/bevacizumab infusion, suggestive of increased entrapment of deoxygenated erythrocytes (E) within tumors. This effect was more pronounced during the first treatment with CA4P only (þ23.9% at 3 hours on day 1 and þ27.5% on day 6) than during cycle 1 (þ9% at 3 hours and þ9.7% at day 6). Failure to reverse R 2 Ã suggests that erythrocytes are trapped outside vessels. Maps of the DCE-MRI parameter K trans , the volume transfer constant between blood plasma and extravascular extracellular space, in a 61-year-old patient with a pelvic mass of a serous ovarian adenocarcinoma (F). Light tones indicate high K trans values, darker tones indicate lower K trans values. K trans is significantly decreased by 38% at 3 hours after the first CA4P infusion on day 1, but this effect is no longer maintained on day 6, with a nonsignificant K trans decrease of 8.1% compared with the 2 baseline scans. After the second CA4P infusion (cycle 1), a (nonsignificant) K trans decrease of 26.2% is seen again at 3 hours, which becomes even more prominent in combination with bevacizumab at 6 days (39.3%), indicating a sustained antivascular effect. Ã , P < 0.05.
bevacizumab combination treatment. There was no evidence of cumulative BP increases during the first 6 hours after CA4P infusion when combined with bevacizumab. The percentage of patients experiencing hypertension was 73%. This is higher than reported for either of the drugs in the literature when used alone (6, 24, 26) , but in contrast to previous studies, hypertensive adverse events were all grade I or II only. No patient discontinued on trial because of hypertension.
Well-described side effects of bevacizumab are gastrointestinal perforation, hemorrhage, an increased incidence of arterial thromboembolic complications, and proteinuria (12, 27) . In our study, one patient with hemangiosarcoma and a previous history of hemorrhage had grade IV liver hemorrhage, which may have been triggered by either of the study drugs. Neither thromboembolic events nor proteinuria were observed.
There is evidence that after exposure to a VDA, tumor cell repopulation, particularly in the rim of the tumor, may be aided by a reactive systemic host response involving the mobilization of bone marrow-derived circulating cells, including endothelial progenitor cells. These subsequently , respectively, after the second infusion of CA4P combined treatment with bevacizumab. Plasma VEGF concentration is significantly increased at 4 hours, and significantly decreased at 24 hours after both the first CA4P infusion, and the second CA4P/bevacizumab infusion. The decrease in VEGF is sustained at 14 days after CA4P/bevacizumab infusion. However, VEGF concentration is significantly lower at 24 hours after CA4P/bevacizumab infusion than CA4P-only infusion, in keeping with the VEGF scavenging action of bevacizumab (A). Plasma G-CSF concentration is significantly increased at 24 hours after both the first CA4P infusion, and the second CA4P/bevacizumab infusion. However, the increase in G-CSF plasma concentration is significantly higher at 24 hours after CA4P/bevacizumab infusion than CA4P-only infusion, which may be explained by an escape phenomenon of G-CSF due to blocking of VEGF-driven angiogenesis (B). There is no difference between the first CA4P-and the second CA4P/bevacizumab infusion in the significant increases of CD34 þ cells at 4 hours, the significant decreases at 24 hours, and the return to baseline at 6 days (C). The significant increases in CD133 þ cells at 4 hours, the significant decreases at 24 hours, and the return to baseline at 6 days are similar after both, the first CA4P and the second CA4P/bevacizumab infusion. However, CD133 þ cell numbers are significantly higher before the second CA4P/bevacizumab infusion than baseline, and they are significantly increased at 4 hours after CA4P/bevacizumab infusion compared with the first CA4P infusion (D).
home to the vasculature of treated tumors and promote tumor neovascularization. These vasculogenic "rebounds" can be blocked, at least in some preclinical models, by treatment with an antiangiogenic drug (8, (28) (29) (30) . In our study, DCE-MRI confirmed the increased antivascular activity of CA4P in combination with bevacizumab. Significant decreases in DCE-MRI parameters were seen at 4 hours after the first CA4P infusion but no longer at 6 days. After combination therapy, however, DCE-MRI parameters remained significantly decreased at 6 days, indicating a sustained antivascular effect when CA4P is combined with bevacizumab. These group changes could be shown despite the marked heterogeneity in individual patient responses to treatment detectable by DCE-MRI, which are to be expected in a phase I study.
R 2 Ã (BOLD) MRI is a measurement of tumor hypoxia by detection of deoxyhemoglobin. Of interest was the finding that increases in R 2 Ã signal were maintained following the first exposure to CA4P and did not change with subsequent scans. We interpret this as extravascular sequestration of blood following exposure to the first VDA cycle. Extravascular hemoglobin would remain in place and stay in the deoxygenated form throughout the subsequent scans.
There are only a few trials reporting MRI data of antiangiogenic agents or VDAs combined with chemotherapy. In a trial of preoperative docetaxel with or without bevacizumab for locally advanced breast cancer, Baar and colleagues found a greater decrease in tumor perfusion (calculated by IAUGC 90 ) in the combination treatment arm than in the docetaxel-only arm (31) .
A more pronounced reduction in K trans (À76%) with bevacizumab in combination with doxorubicin and docetaxel compared with bevacizumab alone (À34%) was found in a trial in inflammatory and locally advanced breast cancer (32) . Although no DCE-MRI scan was conducted after day 2, a significant K trans decrease was only seen at the end of cycle 1, but no further decrease at the end of cycle 2 in both arms. A statistically significant decrease in IAUGC 90 was seen with CA4P, both with and without paclitaxel/ carboplatin in a trial of CA4P in advanced malignancies (33) . Greater changes were seen in IAUGC 90 from cycle 1 to 4 than from cycle 4 to 7. This underpins the unique property of CA4P and probably other VDAs eliciting only a shortlived effect on tumor perfusion, further vindicating the need for combining these agents with antiangiogenic agents.
Following CA4P exposure, acute increases in VEGF and G-CSF were observed, mirroring those seen in preclinical models (8) . Both VEGF and G-CSF are cytokines implicated in the acute mobilization of endothelial progenitor cells by VDAs (13) . In our study, CEC and CEPC numbers were so low (on average less than 50 cells/mL) that these cell populations were not quantifiable with confidence, although the same standardized method detected changes in burns patients (34, 35) , patients in a phase I trial of antiangiogenic therapy (36) and patients on OXi4503, another VDA (13, 35) . However, the numbers of the overall bone marrow progenitor population CD45 À /dim CD34 þ or CD133 þ cell populations did increase significantly following treatment and the CEC or CEPC populations form a small part of these larger cell populations. These findings concur with preclinical observations (8) that following VDA exposure, bone marrow-derived progenitor cells enter the circulation, populate the tumor, and contribute to angiogenesis. A number of patients derived significant clinical benefit from treatment even though no RECIST defined responses were seen. A patient with ovarian carcinoma experienced stable disease according to RECIST for more than a year and a CA125 response lasting for more than a year according to GCIG criteria. A heavily pretreated patient with colon carcinoma and a second patient with ovarian carcinoma experienced disease stabilizations for more than 100 days.
The doses recommended for phase II trials must take account of the functional imaging, RECIST, pharmacokinetic, and toxicity data. On the basis of the fact that no pharmacokinetic interaction between CA4P and bevacizumab was found, that toxicity was not dose limiting and the combination generally well tolerated, the recommended doses for phase II trials are 63 mg/m 2 CA4P and 10 mg/kg bevacizumab repeated every 14 days.
In summary, CA4P in combination with bevacizumab appears safe and well tolerated in this dosing schedule with early evidence of clinical activity. CA4P induced an acute increase in circulating bone marrow progenitors, which may in part be mediated by G-CSF and VEGF release. CA4P induced profound vascular changes showed by MRI, which were maintained by the presence of bevacizumab, vindicating the decision to study this combination to limit the rapid revascularization that restricts the antitumor activity of VDAs. This combined approach indicates the way forward in the ongoing clinical evaluation of this novel class of antitumor agents. 
